Abstract-This work reports on a steady-state thermal analysis of a 160 GHz balanced quadrupler, based on a quasi-vertical varactor Schottky diode process, for high power applications. The chip is analyzed by solving the heat equation via the 3D finite element method. Time-Domain Thermoreflectance (TDTR) was used to measure the thermal conductivity of the different materials used in the model. A maximum anode temperature of 64.9
I. INTRODUCTION AND BACKGROUND

S
CHOTTKY diode multiplier chain technology constitutes a very good candidate to deliver high power outputs up to 1 THz. Progress in power amplifiers have made it possible to achieve watt levels of power in the W-band (75-110 GHz). Therefore, the input stage in the multiplier chain needs to be able to withstand large power levels, without any significant degradation in electrical performance. Consequently, thermal management considerations become very crucial in the design of frequency multipliers [1] . The quasi-vertical diode process developed at the University of Virginia [2] not only addresses series resistance concerns [2] , but also thermal management by integrating the diodes onto a silicon substrate, utilizing the higher thermal conductivity of silicon compared to gallium arsenide. This paper presents a 3D finite element analysis of a 160 GHz balanced quadrupler based on varactor diodes that use this process. The thermal conductivities of the different materials comprising the multiplier are obtained using thermoreflectance measurements.
II. QUASI-VERTICAL DIODE GEOMETRY
The quasi-vertical Schottky diode geometry, thoroughly discussed in [2] [3], consists of a thin GaAs mesa (1.28 µm) that has been wafer-bonded to a host silicon-on-insulator (SOI) substrate (Fig.1) . The ohmic contact is formed prior to the epitaxial transfer, and the GaAs is not relied upon for structural integrity. The primary motivation for developing this diode structure was to reduce device parasitics, especially the series resistance [2] . However, the quasi-vertical structure is also advantageous for thermal handling, because it heterogeneously integrates GaAs Schottky diodes onto Si substrates, which have a higher thermal conductivity than GaAs (see Table I ), thus providing a better heat sink. 
III. TIME-DOMAIN THERMOREFLECTANCE CHARACTERIZATION
Heat transport properties of materials, such as thermal conductivity, can vary significantly from bulk properties for micro and nano scale devices [4] . In fact, scattering mechanisms such as boundary, impurity, and imperfection scatterings, which are more pronounced in thin films, lead to a reduction in the thermal conductivity of materials [4] . In order to account for these phenomena in our simulated model for the 160 GHz quadrupler, time-domain thermoreflectance (TDTR) was used to measure the thermal properties of the material layers that make up this device. The technique and data analysis is described in detail elsewhere [5] [6]; as such, the technique is briefly described here. TDTR is a non-contact optical pump-probe measurement, shown here in Figure 2 , that utilizes a modulated short-pulsed heating event, the pump, to heat up the surface of a metal transducer, and a time-delayed low-power pulse, the probe, to quantify changes in thermal decay over time. The pump pulse is modulated via an electro-optical modulator at a driving frequency of 8.8 MHz. The probe pulse is delayed in time, relative to the pump heating event, by a mechanical delay stage at the same spatial point as the pump heating event. An RF lock-in amplifier is used to detect changes in the reflected probe signal at the modulation frequency of the pump heating event. The ratio of the in-phase to out-of-phase voltage (-Vin/Vout) yields information about the thermal properties of the underlying layers via well known relations [5] [6]. Table I summarizes the thermal conductivity values, measured using TDTR, of the Si layer in the silicon-on-insulator (SOI) wafer, gallium arsenide, and the bonding agent spin-onglass (SOG), used in the thermal analysis. In addition, the thermal conductivity of the ohmic contact was also characterized via the electrical resistivity (four-point probe) and the Wiedemann-Franz law. The specific alloy investigated in this work is a Ni(30 nm)-Ge(40nm)-Au(400nm) based alloy with a 10 nm Ti adhesion layer. Three options were investigated: annealed alloy with 50 nm evaporated gold and 350 nm plated gold (option 1), annealed alloy with 400 nm evaporated gold (option 2), and finally non-annealed alloy with both plated and evaporated gold. The results for the three ohmic contact options are summarized in Table II. 
IV. SIMULATION RESULTS AND DISCUSSION
The chip analyzed in this work is based on the 160 GHz balanced quadrupler detailed in [3] . The finite element method solution to the heat equation is aquired using Ansys R Mechanical, using the thermal conductivities measured above. Option 1 was chosen for the ohmic contact. Due to the symmetry of the chip, only half of the quadrupler is simulated as shown in Figure 3 . In this analysis, the total power dissipation level is estimated to be 10 mW per anode. Moreover, only heat conduction is considered. Furthermore, all the non-contact surfaces of the block are assumed to be at room temperature, i.e. 23.0
• C. The quadrupler chip is designed [3] such that it is suspended in the waveguide block, with protruding gold beam leads clamping it to the waveguide block at the input and output (see Figure 3(a) ). Two additional beamleads protrude from hairpin bias chokes and are bonded to a quartz-supported filter that sits in the block. Figure 3(a) shows the steady state temperature distribution of the original quadrupler chip. The second stage doubler diodes (magnified in the toggle window) experience the maximum anode temperature of 64.9
• C, due to the lack of proximity of a block heat sink. Figure 3(b) shows the temperature distribution with an extra beam lead close to the second stage diodes. This additional contact to the block reduces the maximum temperature experienced by the diodes to 41.0
• C.
V. CONCLUSION In this paper, a steady state thermal analysis of a 160 GHz balanced quadrupler was performed. Time-domain thermoreflectance was used to characterize the thermal conductivities of the materials used in this analysis. Finally, a modified design with an additional beam lead showed an improvement in terms of thermal management.
